We demonstrate that male mice lacking GEMC1 or CCNO are infertile due to 35 defects in the formation of the efferent ducts. 36
We analyzed adult testes of Gemc1 -/-mice over the first three months and 127 found no changes in size and weight compared with wild type (Wt) or 128
Gemc1
+/-littermates when normalized to body size (Fig. 1A) . We next 129 performed histological evaluation of testes during the first semi-synchronous 130 wave of spermatogenesis (Fig. 1B) . No overt differences were apparent 131 between Wt, Gemc1 +/-or Gemc1 -/-mice during the first 20 days (Fig. 1C) . 132
However, by p27-p35, the thinning of the seminiferous epithelia became 133 obvious, corresponding to the first appearance of elongating spermatids (ES) 134 (Fig. 1D) . Despite the onset of the seminiferous tubule phenotype, we 135 observed similar numbers of mitotic cells, dead cells, normal meiotic 136 progression and similar levels of hormonal expression in Gemc1 -/-mice ( Fig.  137 
S1A-E). 138
Consistent with our histological observations, Gemc1 mRNA expression 139 peaked around post-partum day 27 (p27), although overall levels were 140 considerably lower than that in the trachea that contains a large number of 141
MCCs (Figs. 1E,F). As the peak of Gemc1 expression and appearance of 142
tubule phenotypes correlated with late stages of spermatogenesis (Fig. 1B) , 143
we isolated and quantified enriched populations of testicular cell types 144 (leptotene-zygotene (LZ), pachytene-diplotene (PD), round spermatids (RS) 145 and elongating spermatids (ES)) by fluorescence activated cell sorting 146 (FACS) (Fig. S1F) . In testes from Gemc1 -/-mice, we observed similar numbers 147 of prophase cells (LZ and PD) but a significant reduction in RS and ES 148
populations (Fig. 1G). This was further supported by the clear enrichment of 149
Gemc1 mRNA isolated from RS and ES populations compared to the germ 150 cell pellet (Fig. 1H ) and suggested that GEMC1 may support late stages of 151 spermatogenesis, potentially through the control of transcriptional pathways. 152
GEMC1 and CCNO prevent Sertoli cell degeneration 153
To address this possibility, we examined the transcriptional activation of key 154 GEMC1 target genes in the testes. In contrast to tissues containing MCCs, we 155 did not observe any significant alterations in several genes critical for MCC 156 development, including Ccno, Mcidas, FoxJ1 and Cdc20b ( Fig. 2A) (Holembowski et al., 2014; Inoue et al., 2014; Marshall et al., 161 2016; Nemajerova et al., 2016; Tomasini et al., 2008) . Examination of the 162 seminiferous tubules of Gemc1 -/-mice stained with Acetylated tubulin (Ac-tub) 163 to visualize flagella revealed extensive spermatid detachment (Fig. 2B) and Ccno deficient testes (Fig. 1D ). This was characterized by abnormally 173 shorter and thinner cytoplasmic projections, as well as the appearance of SC-174 only seminiferous tubules (Fig.2C, D, E) . In contrast, the SCs of Wt mice 175 extended long cytoplasmic arms in contact with germ cell populations (Figs. 176 2C, D, E) . Given the early transcriptional role of GEMC1 in MCCs, its 177 expression during spermiogenesis and the strong similarity to the phenotypes 178 reported for TAp73 knockouts, we examined Trp73 expression in the testes of 179
Gemc1
-/-mice. At both the mRNA and protein level, we saw no clear alteration 180 in expression levels (Fig. 2F) . These results showed that both Gemc1 and 181
Ccno phenocopied TAp73 loss, exhibiting nearly empty seminiferous tubules 182 and SC degeneration, but GEMC1 did not appear to influence the expression 183 of its known targets or Trp73 in testes. 184
Defective efferent duct function in Gemc1
-/-and Ccno -/-mice 185 Sperm enter the caput epididymis but remain immature until they reach the 186 cauda epididymis, where they acquire motility and fertilization competency 187 (Fig. 3A) . (Fig. 3E) , as well as Trp73 (Fig. 3F ). In contrast, Ccno was only 202 marginally upregulated in the ED compared to the testes and further 203 increased in the cauda epididymis (Fig. 3G) 
249
and Ccno -/-mice, and potentially in male RGMC patients (Fig. 4D) . 250
While the role of GEMC1 appears to be clearly related to transcriptional 251 activation, the function of CCNO remains enigmatic. Recent work 252 demonstrated that the mitotic oscillator machinery and the fine tuning of CDK1 253 activity is required for the stepwise development and dissociation of 254 deuterosomes in mouse neuronal progenitors (Al Jord et al., 2017) . Given that 255 CCNO interacts with CDK1(Roig et al., 2009), it seems plausible that one of 256 its primary functions may be the regulation of CDK1 activity during 257 deuterosome formation. Future work will be needed to understand precisely 258 how GEMC1 and CCNO regulate different aspects of the transcriptional 259 response and deuterosome formation, as well as their potential roles in other 260
tissues. 261

Materials and Methods 262
Histopathology and immunohistochemistry of murine tissues 263
Gemc1
-/-and Ccno -/-mice on a mixed C57BL/6-129SvEv background were 264 
288
All antibodies have been previously validated and were subjected to additional 289 Sertoli cell arm's length was calculated in ten tubules of Vimentin-stained 313 sections (2 sections per animal). Vimentin was also used to detect Sertoli-cell-314 only tubules, characterized by intense staining of the entire seminiferous 315 tubule combined with the lack or dramatic decrease of germ cells. 316
Quantitative real-time PCR (qRT-PCR) 317
Dissected testes, epididymis, efferent ducts or pituitary gland were carefully 318 dissected and collected on ice, washed in PBS and frozen. Testes were 319 disrupted in Tri-Reagent (Sigma) by zirconium beads in a mechanical tissue 320 disruptor (Precellys 24, Bertin technologies). Total RNA was isolated 321 according to manufacturer recommendations (PureLink RNA mini kit, Ambion) 322 and 1ug of RNA was treated with DNase I prior to cDNA synthesis (Thermo 323 Fisher). cDNA was generated using 0.5-1 μg of total RNA and a High 324
Capacity RNA-to-cDNA Kit (Applied Biosystems). Quantitative real time-PCR 325 (RT-QPCR) was performed using the comparative CT method and a Step- 
336
Germ cell isolation for fluorescence-activated cell sorting (FACS) 337
Testes from adult male mice were isolated, decapsulated and processed 338 together in a 15 ml falcon tube. Testes were first digested in EKRB medium 339 (120 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO 3 , 1.2 mM KH 2 PO 2 , 1.2 mM 340 MgSO4, 1.3 mM CaCl2, 11 mM Glucose, non-essential aminoacid 341 (Invitrogen), penicillin-streptomycin (Invitrogen)) with collagenase (0.5 mg/ml, 342 Sigma T6763) in shaking water bath at 32 ºC for 10 min. Seminiferous tubules 343 were let sediment by gravity for 1-3 min and washed twice with EKRB. The 344 tubules were further dissociated in EKRB with trypsin (1 mg/ml, Sigma T6763) 345
and DNase (5 µg/ml, Sigma D4263) in shaking at 32 ºC for 15 min. Cells were 346 resuspended thoroughly with a pipette until obtaining a single cell suspension 347 and 1 ml of FBS was added to neutralize the Trypsin. Cell suspension was 348 filtered with a 70 µm cell strainer and total cell number was counted using the 349 
DNA constructs 390
The expression construct for FLAG tagged human GEMC1 (pcDNA5-FRT/TO-391 flag-hGemc1) was previously described in (Terre et al., 2016) XbaI restriction sites and then into the mammalian expression vector 398 pCDNA3.1 (Invitrogen) modified with a n N-terminal myc-tag to produce 399 proteins N-terminally fused to myc under the control of the constitutive CMV 400 promoter (pcDNA3.1-myc-hCcno). The pCMX-flag plasmid was used as an 401 empty-vector control (a gift from Ron Evans, the Salk Institute for Biological 402 Studies). 
Gemc1
-/-mice. Detached spermatids in Gemc1 -/-indicated by black 579 arrowheads. Scale bars=50µm. (C) PAS staining of testes sections from p35
